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A modified Voitenko compressor generated a 43 mm/us
air shock in a 20-mm-i.d. 3.0 m. long pipe containing
ambient atmospheric air. The first 0.15 m of outlet pipe
was constructed of steel and the last 2.85 m of DR-1 grout.
Between 0.10- and 2.5-m from the diaphragm the velocity of
the shock front attenuated from 43- to 4.5-mm/us and peak
pressure from 2.28- to 0.024 GPa. The rate of wall expan-
sion uniformly decreases and asymptotically approaches an
apparent final radius between 60-100 Us behind the shock
front. Plasma flow measurements indicated a flow velocity
of 27.4 mm/us and a magnetic Reynolds number >60. Wall
expansion was <1 mm at the end of the pipe indicating
significant attenuation of the shock front between 2.5 m
and 3.0 m.

INTRODUCTION

For nearly two decades the Voitenko generator! has been used to stud
high-energy air-shock and gas-jet propagation. Early Voitenko studiesl,
used outlet pipes with walls of transparent material. High gas pressures
resulted in massive venting and limited optical studies to conditioms in or
just behind the air shock or gas jet front. The use of steel walls3 for the
outlet pipe virtually eliminated venting and fiber optic ports significantly
extended the period for optical measurements (e.g. brightness temperatureh).
The steel walls also provided the rigid mechanical support for installation of
other diagnostic sensors”® (e.g., sigma pins, pressure gages).

This paper describes an experiment that used a modified Voitenko
compressor?s;3 to study air-shock propagation in a 3 m long outlet pipe.
Some of the hardware and diagnostics coverage are common to an earlier
experiment using a steel outlet pipe.” For example, the high-explosive (HE)
assembly, compressor section, and the first 0.15 m of the outlet pipe are
identical within tight machine tolerances. The last 2.85 m of outlet pipe,
with its walls of DR-1 grout, allowed use of diagnostics (flat-pack, wall
motion, and plasma flow gages) for the first time since their use would not
have been feasible in earlier experiments with outlet pipes of glass or
steel. Optical and pressure measurements along the first 0.15 m of outlet
pipe provided assurance that the initial air shock and plasma flow conditions
were similar to previous experiments.

Figure 1 and Table 1 summarize the physical features and diagnostics for
the compressor outlet pipe. The detonated HE drives the stainless—steel plate
into the chamber, compressing the 1.066-MPa air (initially in the chamber) to
high pressures (>100 GPa), densities (>1.0 Mg/m3), and temperatures (>10 eV)
before the diaphragm breaks.6,7 Expansion of this compressed air down the
exit pipe generates a high velocity (Mach 130) air shock. Fiber-optic
ports provided optical records are then reduced to give time-of-arrival (TOA)
information about air-shock propagation down the outlet pipe. Bar8 and
flat—pack9 gages provided pressure profiles at numerous locations and the
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radial wall motion induced by the hiéh pressures was monitored with mutual
inductance particle-velocity gages.lU Finally plasma flow velocity and
conductivity measurementsll were obtained in the grouted segment of the
outlet pipe.

2.0 GROUT SHOCK-TUBE ASSEMBLY

Problems and complexity of the grout shock tube construction added
considerably to the effort and expense. Accommodation of the extensive
diagnostics required the grout shock tube to be assembled in stages. A
cylindrical steel frame was built and four DR-1 grout disks 19 mm thick, 152
mm o.d., with a 20 mm hole in the center, were installed in the center of the
frame at specific locations. The grout disks eliminated any effect of the
steel frame on wall motion induced by pressures in the plasma flow during the
experimental times of interest. A 3-m-long, 19-mm o.d., 0.9-mm—-thick copper
tube covered with a 0.5 mm-thick heat—shrink plastic tube was inserted through
the four disks. This 20-mm-o.d. copper and plastic tube, or bore tube,

provided the form for the the 20 mm bore through the grout section of the
shock tube.

The plasma flow velocity sensors, conductivity sensors, and the flat-pack
gages were attached to the steel frame. The steel frame was then inserted into
a 0.508-m-o.d. steel pipe. Fiber optics, bar and wall motion gages were
inserted through ports in the steel pipe until contact was made with the bore
tube. End plates were mounted and all ports (sensor, alignment, and cable
exit) were sealed with epoxy. To remove air entrained in the grout the grout
was mixed at reduced pressure in a large tank and added to the steel pipe
after it had been evacuated with a roughing pump. Preliminary tests indicated
that entrained air tended to migrate to the nearest surface and collect as
small air pockets of up to 1 mm in diameter. A large number of air pockets
along the bore wall would have a significant but indeterminate effect on the
plasma flow. A week prior to the shot date a 0.33 N solution of nitric acid
was circulated for 16 h through the bore tube to dissolve the copper tubing.
The heat~shrink tubing was left in place to prevent drying of the surface of
the 20 mm grout bore and removed shortly before the shot. Visual inspection
of the 20 mm bore indicated a smooth wall along its ent:re length.

3.0 OPTICAL AND ELECTRONIC DIAGNQSTIC COVERAGE

Two framing cameras were focused on the first 0.20 m of the steel-grout
outlet pipe to detect the location and duration of possible venting. Of
particular interest were the bar gage at 0.10 m and the junction between the
steel pipe and grout pipe at 0.15 m. Four of the light pipes were located in
the 0.15 m section of steel outlet pipe and the other 11 light pipes were
located in the grout section (Table 1). The other end of the light pipes were
terminated in an optics display board for scanning by streaking cameras.

The input ends of the first eight bar gages were machined to a 10-mm
radius to conform to the curvature of the bore radius. The end of the stagna-
tion bar gage at 3.0 m was flush with the end wall. The seven flat-pack gages
were installed in the grout section with the center of the piezoresistance
elements at the same axial location as the bar gages. The flat-pack gages
were initially developed9 to monitor high-energy gas flows comparable to
those in the present experiment. Radial wall motion was monitored using a
mutual-inductance particle velocity gagel0 at seven different axial
locations. Each gage consisted of a closely wound primary and secondary
conducting wires forming two rectangle loops with lengths large compared to
the lateral dimensions. Radial motion of the walls results in alteration of
mutual inductance between loops and can be related to wall motion. Plasma
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flow velocity, plasma resistance, and plasma electrical conductivity
measurements were made at 367, 427, and 735 mm from the diaphragm. Reference
11 gives details of the theory, diagnostics sensors, calibration procedures
and previous experimental results.

4.0 EXPERIMENTAL RESULTS

The optical and electronic measurements were correlated in time by
reference to the electronic signal used to initiate detonation of the
plane-wave lens. The time interval between detonation of the plane-wave lens
and diaphragm breakage was 57.6 Hs. This time was determined with a light
pipe oriented to view the center of the diaphragm and the streaking camera
focused on the display board. The diaphragm breaking time is taken as the new
zero time reference for all experimental results in this test.

4,1 Optical and TOA Results

The framing camera provided photographic evidence that a small amount of
venting around the bar gages at 0.10 m began at 25 Us after the diaphragm
broke. Venting continued until high-explosive gases from the driver section
obscured the field of view approximately 20 pys later. Venting after 25 us
should have negligible influence on propagation of the shock front.

Table 1 summarizes TOA results for the shock front. The TOA values for
the fiber optics are the times that the first luminosity peak was recorded at
each location. The TOA values for the bar and flat-pack gages are the times
when the rate of pressure increase was the greatest for the first pressure
peak. This time was chosen instead of the peak pressure since the peak
pressure was delayed by dispersion for the bar gage and time for the shock to
travel the length of the piezoresistant grid for the flat-pack gages. A
similar criterion was applied to the TOA values for the wall motion gages.
Figures 2 and 3 show TOA and velocity plots, respectively, for propagation of
the shock front in the exit pipe. After a short period of acceleration the
shock attains a maximum velocity of 43 mm/us at a distance of 0.10 m from
the diaphragm. The velocity of the shock front attenuated from 43 to 4.5
mm/us between 0.10 and 2.5 m. The only other documented study in the ogen
literature using a grout type wall material was the Marvel experiment.1
That study identified the delayed entrainment of wall material as the
principal mechanism for attenuation of the shock front.

4.2 Pressure Profiles

Figures 4-11 give pressure profiles obtained for this experiment. Peak
pressures in the shock front decayed from 2.28 GPa at 0.10 m to 0.024 GPa at
2.5 m from the diaphragm. For locations where bar and flat-pack gages can be
compared there appears to be agreement in timing and amplitudes of the first
two peaks. Generally the pressure oscillations of the flat-packs are larger
and probably more indicative of the pressures exerted at the walls. Dispersion
in the input bar of the bar gage tends to broaden the pressure pulse and lower
the peak pressure arriving at the quartz crystal. The observed pressure
osclllations result from axial and radial oscillations of the flow induced by
early diaphragm breakl3 and radial convergence of driver gas in the
compressor chamber.’/ The fact that the oscillations persist over a

substantial distance supports the argument of delayed entrainment of wall
material.
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4.3 Radial Wall Motion

Figure 12 gives radial displacements vs time where the time axis for each
radial displacement shown has been shifted so that zero time corresponds to
TOA of the shock front (Table 1) at the respective wall motion gage. The
initial rapid wall expansion is consistent with the high pressures immediately
behind the shock front. Most of the radial expansion appears complete by 60 us
when pressures behind the shock front are greatly reduced. Postshot the grout
section beyond 0.8 m was recovered intact. The final bore diameter at 0.8 m
measured 60 mm, corresponding to a radial expansion of 20 mm. Wall motion
measurements of radial expansion at 100 us behind the shock fromt at 0.50
and 1.00 m were 19 and 4.6 mm, respectively. If these values are reasonably
accurate, then appreciable radial wall motion occurred after 100 ps. Post-~
shot measurement of the bore diameter at 3.0 m indicated <1 mm radial expansion.
Consequently, significant attenuation occurred between 2.5 and 3.0 m since
measurements at 2.5 m indicated a shock propagating at 4.5 mm/us.

4.4 Plasma Flow Velocity and Conductivity Measurements

Figure 13(a) illustrates the time history for the plasma flow velocity from
an analysis of the velocity gage record at 367 mm from the diaphragm. Figure
13(b) shows the plasma effective conductivity vs time results from the load
voltage and load current measurements. The conductivity measurements resulted
in a magnetic Reynolds number >60 requiring correction to the velocity and
plasma-resistance results. Corrections based on the eddy current effects are
shown as the dashed line in Fig. 13(a) and have already been incorporated in
the conductivity history of Fig. 13(b). At 367 m the shock velocity (U) was
measured at v 32 mm/ps (Fig. 3). The plasma flow velocity (u) can be
obtained from the measured shock speed using the relation u = 2 U/(y+1),
where Yy is the gas equation of state parameter. Using Y = 1.208 for air
gives u = 29.0 mm/Us, which is in good agreement with the corrected measured
initial flow velocity of 27.4 mm/Us. For a more detailed discussion of the
diagnostics and experimental results than is presented in this paper the
reader is referred to reference 13.
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Table 1. Diagnostics used and air shock time-of-arrival (TOA) data.
Fiber Bar Wall Motion
Axial Optics Gage Flat Pack Gage
Distance TOA TOA TOA TOA
(m) Diagnostics® (us) (us) (us) (us)

0 F 0.0

0.02 F 1.3

0.05 F 2.13

0.10 F, B 3.45 3.9

0.20 F, B, PM, W 5.74 6.6 6.5 5.6

0.30 F, B, PM, W 8.6 9.6 9.8 9.4

0.40 F 11.4

0.50 F, B, PY, W 14.6 13.73 14.2 13.4

0.75 F 22.9

1.00 F, B, PY, W 31.8 32.5 32.8 32.6

1.25 F 43.0

1.50 F, B, PY, W 57.4 574 57.5 56.8

1.75 F 76.9

2.00 F, B, PY, W 107.7 108.46 108.4 107.4

2.50 F, B, PY, W 208.0 209. 3 193.4

3.00 B

AF = fiber optics; B = bar gage (SSS); PM = pressure - Manganin (SRI);
PY = pressure - ytterbium (SRI); W = wall-motion sensor (particle velocity
loop) (SRI).
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